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Edited by Mark StittAbstract Salt stresses strongly enhance the phosphoenolpyru-
vate carboxylase kinase (PEPC-k) activity of sorghum leaves.
This work shows that (1) abscisic acid (ABA) increased the rise
in kinase activity in illuminated leaf disks of the non-stressed
plant, (2) ABA decreased the disappearance of PEPC-k activity
in the dark, (3) two PEPC-k genes expressed in sorghum leaves,
PPCK1 and PPCK2, were not up-regulated by the phytohor-
mone and, (4) ABA eﬀects were mimicked by MG132, a power-
ful inhibitor of the ubiquitin-proteasome pathway. Collectively
these data support a role for the ubiquitin-proteasome pathway
in the rapid turnover of PEPC-k. The negative control by
ABA on this pathway might account for the increase of kinase
activity observed in salt-treated plants.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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proteasome1. Introduction
Phosphoenolpyruvate carboxylase (PEPC, E.C. 4.1.1.31)
plays a wide range of metabolic roles in higher plants, per-
forming notably the initial ﬁxation of atmospheric CO2 in
the photosynthetic carbon metabolism of C4 and CAM plants
and an anaplerotic function coordinating C and N metabolism
[1–3]. In leaves of C3, C4, and CAM plants, PEPC is reversibly
phosphorylated on a serine residue situated in a conserved N-
terminal domain of the protein subunit [1]. Its phosphorylation
status depends on the interplay of phosphoenolpyruvate car-
boxylase kinase (PEPC-k) and a 2A-type protein phosphatase
[1,2,4]. Recent works have documented the presence of small
PEPC-k multigene families in diﬀerent plant species and the
expression patterns of individual genes encoding the enzyme
[5–9]. In the C4 leaf, the kinase activity is up-regulated in theAbbreviations: ABA, abscisic acid; CHX, cycloheximide; PEPC,
phosphoenolpyruvate carboxylase; PEPC-k, phosphoenolpyruvate car-
boxylase kinase
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doi:10.1016/j.febslet.2007.06.055light via a complex transduction cascade involving changes
in cytosolic pH and calcium ﬂuxes, PLC/IP3 and CDPK activ-
ities [10,11] that triggers PEPC-k gene expression while in sub-
sequent darkness it is down-regulated via a degradation
mechanism that remains poorly understood [10]. A recent re-
port has described the involvement of the ubiquitin-protea-
some pathway in the degradation of Flaveria trinervia PEPC-
k transiently expressed in maize protoplasts [12].
ABA is known to induce the expression of genes that play a
prominent role in the establishment of stress tolerance, and
there is considerable evidence that ABA levels increase during
salinity stress [13]. PEPC-k activity and the phosphorylation
state of C4 PEPC were enhanced in both illuminated and dark-
ened leaves of sorghum when the plant was acclimated to
increasing amounts of NaCl [14,15]. The rise in PEPC-k activ-
ity appeared to result primarily from the ionic stress rather
than from the restriction of water availability. In this work
we have investigated further the eﬀect of ABA on the control
of sorghum leaf PEPC-k activity. We show that ABA acts
on the degradation process of the kinase, most likely through
inhibition of the ubiquitin-proteasome pathway.2. Materials and methods
2.1. Plant material and growth conditions
Sorghum plants (Sorghum vulgare var. Tamaran, Rhoˆne-Poulenc)
were grown under a 12 h photoperiod of 350 lmol photons m2 s1
PAR and a temperature of 28/20 C (light/dark) in hydroponic cultures
with nitrate-type nutrient solution. Excised leaves or leaf disks (previ-
ously vacuum-inﬁltrated with 0.1 M Tris–HCl buﬀer, pH 8, 2 mM
NaHCO3) were illuminated (750 lmol photons m
2 s1) or kept in
the dark at 20 C, and used to prepare protein extracts.2.2. Enzyme extraction and analysis
Protein extracts were obtained by grinding 0.2 g of leaf tissue in 1 ml
of extraction buﬀer containing: 0.1 M Tris–HCl pH 7.5, 20% (v/v)
glycerol, 1 mM EDTA, 10 mM MgCl2, 20 lg ml
1 chymostatin,
20 lg ml1 leupeptin and 14 mM b-mercaptoethanol. The homogenate
was centrifuged at 15000 · g for 2 min and the supernatant was ﬁltered
through Sephadex G-25.
Determination of PEPC activity, malate test, in vitro phosphoryla-
tion assay, and SDS–PAGE were carried out as described elsewhere
[10]. The in vitro PEPC-k activity of sorghum leaves and leaf disks
was measured in the presence of 1 mM EGTA and 0.15 U of puriﬁed,
non-phosphorylated C4 PEPC (from sorghum leaves). An enzyme unit
is deﬁned as the amount of PEPC that catalyzes the carboxylation of
1 lmol of phosphoenolpyruvate min1 at pH 8, 30 C. Protein
amounts were determined by the method of Bradford [16].blished by Elsevier B.V. All rights reserved.
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Total cellular RNA was puriﬁed by using acid guanidium thiocya-
nate.phenol-chloroform extraction (Sigma Molecular Biology Grade
reagents). Reverse transcription was performed with 1 lg RNA and
1 ll ImProm-IIe Reverse Transcriptase (Promega) + oligodT. Subse-
quent semi-quantitative PCR experiments (PPCK1, GenBank Acces-
sion No. TC95314; PPCK2, GenBank Accession No. AF399915)
were performed in a 20 ll ﬁnal volume containing 2 ll of the reverse
transcription product for PPCK1 or 1 ll for PPCK2, 10 lM of the
primers (SbPPCK1 forward 5 0-GTAACACGAGAAGGTGGA-30
and SbPPCK1 reverse 5 0-GTCACAATCCATGGGTGA-3 0;
SbPPCK2 forward 5 0-ATACCATACCAGCAGAGGA-3 0 and
SbPPCK2 reverse 5 0-CTAGGTAAAGAGCATCCCAA-3 0) and 1 U
Taq polymerase (Biotools). Ampliﬁcation of the 18S rRNA (GenBank
Accession No. SRGRRE04) was carried out using the following spe-
ciﬁc primers: forward, 5 0-GGCTCGAAGACGATCAGATACC-3 0;
reverse, 5 0-TCGGCATCGTTTATGGTT-3 0.
Quantitative real-time reverse transcription polymerase chain
reactions were performed in a 20 ll ﬁnal volume containing 1 ll of
cDNA, 15 lM of the primers (SbPPCK1UTR forward 5 0-
TTCTGCCAATCGTCAATGAA-30 and SbPPCK1UTR reverse 5 0-
GCTGAAGCCTGAAGCTGAAC-3 0; and the same as above for
PPCK2) and 10 ll of FastStart SYBR Green Master Mix (Roche
Diagnostics). PCR was conducted on the iCycler IQ (Bio-Rad
Laboratories SA), and the threshold cycles (Ct) were determined with
iCycler software. To normalize the data, 18S rRNA was used as an
internal control in each sample, using the primers described above.L     L+DCMU
B 1      2         3      4      5
- - - +      +         CHX
- + - - +         ABA
PEPC
D     L
1      2      3      4C2.4. Protease activity after substrate-containing gel electrophoresis
(zymography)
Extracts for protease activity were obtained by grinding 0.2 g of leaf
tissue in 1 ml of 50 mM sodium acetate buﬀer, pH 7.4, supplemented
with 2 mM Cys. Non-denatured protein extracts (10 lg protein) were
analyzed by SDS–PAGE on 10% acrylamide gels containing gelatin
(Zymogram ready gels, Bio-Rad Laboratories Ltd.). After electropho-
resis, SDS was removed by incubating gels in 2.5% (w/v) Triton X-100
for 30 min at room temperature. Gels were then incubated 24 h at
40 C in 50 mM Na-acetate, pH 4.0, or in 50 mM Na-phosphate, pH
6.5, supplemented with 2 mM Cys. Proteins were stained with Naphtol
Blue Black (Sigma, St. Louis, MO, USA), and, after destaining, prote-
ase activity was monitored as clear bands against a dark background.- - +      +         ABA
- + - +         CHX
PEPC
2.5. Gas-exchange measurements
Gas exchange measurements were monitored with a LI-6262 CO2/
H2O analyzer system (LI-COR Inc., Lincoln, Nebraska). Measure-
ments were made at a photon ﬂux density of 300 lmol m2 s1, a leaf
temperature of 25 C, and 1 ml l1 CO2.D 1        2       3
- - +         CHX
- + - ABA
PEPC
Fig. 1. Eﬀect of light, DCMU, ABA and CHX on PEPC-k activity of
sorghum leaf disks. (A) Leaf disks were vacuum-inﬁltrated in the
presence (lane 4) or absence (lanes 1–3) of 0.1 mM DCMU, and
illuminated for 2 h (L) or kept in the dark (D). (B) Leaf disks were
vacuum-inﬁltrated in the presence (lane 2) or absence (lane 1) of 30 lM
ABA (in 5 mM NaOH), and illuminated for 2 h. Alternatively, leaf
disks were vacuum-inﬁltrated and illuminated for 30 min before 10 lM
CHX (lanes 4 and 5) or 30 lMABA (lane 5) was added, and disks were
further illuminated for 1 h. (C) Excised sorghum leaves were illumi-
nated for 30 min, then fed with 60 lM ABA and/or 20 lM CHX, and
kept in the light for 3.5 h. (D) Leaf disks were vacuum-inﬁltrated and
illuminated for 1 h. Then, 30 lMABA (lane 2) or 10 lMCHX (lane 3)
was added, and disks were kept in the dark for 1 h. The in vitro
PEPC-k activity was assayed (8 lg protein of desalted extracts) in a
reconstituted phosphorylation medium in the presence of 0.15 U of
exogenous, puriﬁed sorghum C4 PEPC and other components of the
assay. Phosphorylated proteins were analyzed by SDS–PAGE and
autoradiography. The arrows indicate the PEPC.3. Results
3.1. ABA eﬀects on PEPC-k activity
The light-dependent phosphorylation of C4 PEPC involves a
complex transduction cascade, triggered by the activation of
C4 photosynthesis, and leads to PEPC-k synthesis in mesophyll
cells [10,11]. In salt-treated plants with an enhanced ABA con-
tent, PEPC-k activity was seen to be much higher in both illu-
minated and darkened leaves [14,15] and the question of the
mechanism underlying this eﬀect has been addressed. The
acclimation of hydroponically grown sorghum plants to
increasing concentrations of ABA (up to 60 lM) signiﬁcantly
(t test, n = 4) reduced net photosynthetic rate (7.1 ± 0.3 versus
8.8 ± 0.2 lmol CO2 m
2 s1), transpiration (1.1 ± 0.1 versus
1.5 ± 0.1 mmol H2O m
2 s1) and stomatal conductance
(83 ± 6 versus 123 ± 10 mmol m2 s1). This eﬀect was ex-
pected to be more important when ABA was supplied to leaves
without any previous period of acclimation. Indeed, when ex-
cised leaves were supplied overnight with 60 lM ABA and
then illuminated, the PEPC-k activity was markedly depressed(not shown). Thus any direct eﬀect of ABA on PEPC-k accu-
mulation would be masked by a decreased net photosynthetic
rate (down regulating the transduction cascade) as a conse-
quence of stomatal closure. As a corollary, ABA by itself could
not bypass the need of the photosynthetic signal and promote
the synthesis of PEPC-k.
To suppress the ABA eﬀect on photosynthesis, sorghum leaf
disks where vacuum-inﬁltrated and illuminated in the presence
of 2 mM NaHCO3. This provides the substrate for PEPC
activity and promotes the functioning of C4 photosynthesis
without the need of atmospheric CO2. Using this experimental
system it was shown that light induced PEPC-k activity of illu-
minated leaf disks in this incubation medium to a similar ex-
tent to that occurring in intact leaves (Fig. 1A, lane 2).
Moreover, this remained dependent on photosynthetic electron
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Fig. 2. RT-PCR analysis of PPCK1 and PPCK2 transcripts. (A) Leaf
disks were vacuum-inﬁltrated in the presence or absence of 30 lM
ABA and illuminated for 1 h or kept in the dark. (B) Hydroponically
grown sorghum plants were supplied with 60 lM ABA (added to the
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ence of the inhibitor DCMU (Fig. 1A, lane 4). In contrast to
entire leaves, addition of 30 lM ABA did not block the
light-dependent rise in PEPC-k activity but it appeared to
accentuate the light eﬀect (Fig. 1B, lane 2), as compared to
control disks (Fig. 1B, lane 1). The cytosolic protein synthesis
inhibitor cycloheximide (CHX) has been previously shown to
suppress both PEPC-k activity and PEPC phosphorylation,
thereby indicating that protein synthesis is a component of
the light-up-regulation of PEPC-k activity in C4 plants [17].
In good agreement with this ﬁnding, CHX markedly inhibited
the increase in PEPC-k activity in illuminated leaf disks
(Fig. 1B, lane 4). Addition of ABA partially but signiﬁcantly
oﬀset the negative eﬀect of CHX on kinase activity (Fig. 1B,
lane 5). Interestingly, similar results were observed when the
same compounds were supplied to previously illuminated, ex-
cised leaves (containing the PEPC-k) (Fig. 1C).
When illuminated disks were returned to the dark for 1 h,
PEPC-k activity rapidly vanished (Fig. 1D, lane 1) as already
reported for the entire leaf in several former works [reviewed
in 1–3]. This results from a change in the turnover rate of
the kinase implying an arrest in its synthesis and the involve-
ment of a degradation process. However, when ABA was
added to the incubation medium a substantial PEPC-k activity
was maintained (Fig. 1D, lane 2). Surprisingly, this was also
the case in the presence of CHX alone (Fig. 1D, lane 3).
Clearly, ABA exerts an inhibitory eﬀect on kinase degradation
and it might be hypothesized the involvement of a rapid pro-
tein synthesis event in this process.
culture medium) for 4 days. Excised leaves from control and ABA-
treated plants were illuminated for 30 min or kept in the dark. RT-
PCR analysis of sorghum PPCK1 and PPCK2 mRNA was performed
as indicated in Section 2. Ribosomal RNA (18S rRNA) was used as an
endogenous control. M, molecular size marker.
Table 1
Real-time quantitative RT-PCR analysis of the relative PPCK1 and
PPCK2 transcripts levels in sorghum leaves and leaf disks
Leaves Leaf disks
PPCK1 PPCK2 PPCK1 PPCK2
Dark 1 1 1 1
Light 180 ± 18 20.8 ± 7.4 35.7 ± 0.4 10.5 ± 0.4
Light + ABA 193 ± 26 25.0 ± 9.5 31.1 ± 2.9 11.9 ± 1.0
Real-time RT-PCR was used to analyze mRNA levels as described in
Section 2. The relative PPCK1 and PPCK2 transcripts values were
calculated based on the normalized 18S rRNA transcript level, which
was ampliﬁed as a constitutive internal control. Each value represents
the expression relative to dark (mean ± S.E., three replicates). Other
experimental conditions as shown in Figure 2.3.2. Eﬀect of ABA on PPCK gene expression
PEPC-k is encoded by a small gene family in plants [7–9].
Two PPCK genes, SbPPCK1 and SbPPCK2, have been re-
ported to be orthologs of ZmPPCK1 and ZmPPCK2 from
maize [7]. ZmPPCK1 expression is mesophyll cell-speciﬁc
and light-dependent indicating that this gene is involved in
C4 PEPC phosphorylation. ZmPPCK2 is preferentially ex-
pressed in bundle sheath cells in the dark. Likewise, we showed
by RT-PCR experiments that light considerably increased
PPCK1 transcript levels in sorghum leaf disks (Fig. 2A, lane
2). However, at variance with intact maize leaves but resem-
bling maize leaf disks [7], PPCK2 was also found to be up-reg-
ulated by light. For both sorghum genes, supplying 30 lM
ABA to the incubation medium had no enhancing eﬀect
(Fig. 2A, lane 3). Similar results were obtained in leaves from
whole plants supplied with 60 lM ABA for 4 days (Fig. 2B,
lanes 2 and 4). Quantitative real-time RT-PCR was used to
conﬁrm that mRNA levels were not noticeably changed by
ABA (Table 1). These results suggest that the phytohormone
has no enhancing eﬀect on kinase activity levels via activation
of gene transcription.3.3. The proteasome pathway inhibitor, MG132, mimics the
ABA eﬀect on sorghum leaf PEPC-k
Collectively, the above-mentioned results suggest that the
positive control of ABA on PEPC-k activity is not due to en-
hanced synthesis of the kinase but rather that it could be re-
lated to a decreased rate of PEPC-k proteolysis in both
illuminated and darkened leaf disks. The ubiquitin-proteasome
pathway has been shown to be involved in the degradation of
transiently expressed F. trinervia PEPC-k in maize protoplasts[12]. MG132 is a cell permeable tripeptide aldehyde acting as a
potent and highly speciﬁc proteasome inhibitor [18]. Treat-
ment of sorghum leaves with this compound mimicked the
ABA eﬀect (compare Fig. 3 to Fig. 1C) on PEPC-k activity
when supplied alone (Fig. 3, lane 2) or in combination with
CHX (Fig. 3, lane 4). Therefore, it was tested on a global scale
whether the ABA treatment could modify proteolytic activities
of excised sorghum leaves. Assays for protease activity after
zymogram gel electrophoresis were carried out at pH 4.0
(Fig. 4A) and pH 6.5 (Fig. 4B). The highest activity was mea-
sured at pH 6.5 (neutral proteases), visualized as a broad clear
1      2     3      4
- + - +         MG132
- - + +         CHX
PEPC
96 ±3CHX + MG132
38 ±12CHX
126 ±12MG132
100Control
PEPC-k activity (%)TreatmentB
A
Fig. 3. Eﬀect of the proteasome inhibitor MG132 on the PEPC-k
activity of sorghum leaves. Excised sorghum leaves were illuminated
for 30 min, then fed with 200 lM MG 132 (in 1% DMSO) and/or
20 lM cycloheximide (CHX), and kept in the light for 3.5 h. The
PEPC-k activity was assayed in reconstituted assays as described in the
legend of Fig. 1. (A) Phosphorylated proteins were analyzed by SDS–
PAGE and autoradiography. The arrow indicates the PEPC. (B) The
PEPC bands were quantiﬁed by phosphor imager (Fujix Bas 1000,
Fuji, Tokyo). Data are means ± S.E. of two experiments.
L                L+D
L              L+DA
B
ABA      - +         - +
ABA      - +         - +
Fig. 4. Analysis of protease activity in sorghum leaves. Excised leaves
were illuminated in the presence or absence of 60 lM ABA for 3 h (L),
or illuminated for 3 h and then placed in the dark for 3 h (L + D).
Aliquots from extracts (10 lg protein) were subjected to substrate-
containing gel electrophoresis. (A) Protease activity was assayed at pH
4. (B) Protease activity was assayed at pH 6.5.
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olytic activity in either light (L) or dark (D) conditions.
The malate test was applied to estimate the phosphorylation
state of sorghum leaf C4 PEPC after the various treatments.
IC50 values for this enzyme inhibitor showed an approximate
2.5-fold increase in the light, thereby indicating a higher ratio
of phospho/non-phospho-C4 PEPC, as expected. These values
were increased further by the addition of ABA and MG-132,
but not when the protease inhibitors, leupeptin and chymosta-
tin, were used (Table 2, light). It is interesting to note that the
combination of ABA and MG-132 led to the highest IC50 va-
lue. ABA and MG-132 also enhanced the IC50 values when
supplied in the dark following light induction of PEPC-k syn-
thesis (Table 2, light + dark).
The expression of PPCK2 is patently enhanced by 100 lM
CHX [7] (Fig. 5A, lane 2); this eﬀect was not abolished by
ABA (Fig. 5A, lane 4) or MG132 (Fig. 5A, lane 6). Meanwhile,
CHX at 100 lM fully suppressed PEPC-k activity, which was
preserved by ABA and MG132 (Fig. 5B). These results allow
to discard the possibility that ABA and MG132 were enhanc-
ing PEPC-k activity by reducing the uptake or eﬀectiveness of
CHX.Table 2
Eﬀect of ABA, proteasome inhibitor MG132, and protease inhibitors on the
Treatment Control ABA MG132
Light 0.71 ± 0.03 0.92 ± 0.10* 0.88 ± 0.07*
Light + dark 0.32 ± 0.02 0.56 ± 0.06** 0.58 ± 0.05**
Excised sorghum leaves were illuminated for 30 min, then fed with 60 lM
20 lg ml1 leupeptin (PI), and leaves were kept in the light for 2.5 h (light). A
Malate test was measured in crude protein extracts, and malate IC50 (mM) m
diﬀerences with respect to control (t test) are denoted by asterisks.
*P < 0.05.
**P < 0.01.4. Discussion
In the previous works, we have reported an increase of sor-
ghum leaf PEPC-k content in both light and dark conditions
after a salt treatment [14,15]. In the present work, we have
investigated whether the phytohormone ABA, the tissue con-
tent of which increases during a salt stress, may alter the turn-
over rate of the kinase in non-stressed plants. Taken as a
whole, our data (positive control of ABA, +/ CHX, on
PEPC-k activity in illuminated leaf disks, absence of PEPC-k
gene induction by the phytohormone, eﬀect of MG-132 on
PEPC-k activity levels, IC50 for malate of C4 PEPC) show that
ABA modulates PEPC-k activity by decreasing its degradation
rate. Recently, a ubiquitin-proteasome-mediated degradation
of the C4 PEPC-k of F. trinervia transiently expressed in maize
protoplasts was reported, which was blocked by the 26S pro-
teasome inhibitor MG132 [12]. Our results conﬁrm such obser-
vations and strongly suggest that endogenous PEPC-k is
actually proteolysed through this pathway in mesophyll cells
of the sorghum plant. Interestingly, they also support thephosphorylation state of PEPC
ABA +MG132 PI ABA + PI
1.11 ± 0.19** 0.63 ± 0.04 0.94 ± 0.11*
0.59 ± 0.09** 0.38 ± 0.02 0.60** ± 0.05
ABA, 100 lM MG132, or a mixture of 20 lg ml1 chymostatin and
nother set of leaves were kept further in the dark for 3 h (light + dark).
eans ± S.E. (n = 3–6 experiments) are displayed in the table. Signiﬁcant
CHX + MG132
60 ± 6
89 ± 8
CHX + ABA
0CHX
100Control
PEPC-k activity (%)TreatmentB
A
PPCK2
18S rRNA
M 1         2          3         4         5         6    
Addition None CHX      ABA        ABA MG132   MG132
+CHX                    +CHX
200 bp
100 bp
500 bp
250 bp
Fig. 5. Eﬀects of ABA and MG132 on CHX up-regulation of PPCK2 and down-regulation of PEPC-k activity. Excised sorghum leaves were
illuminated for 30 min, then fed with 100 lM cycloheximide (CHX), 200 lMMG 132 (in 1% DMSO) and 60 lMABA, and kept in the light for 3.5 h.
(A) RT-PCR analysis of sorghum PPCK2mRNA was performed as indicated in Section 2. Ribosomal RNA (18S rRNA) was used as an endogenous
control. M, molecular size marker. (B) Phosphorylated proteins were analyzed by SDS–PAGE and autoradiography. The PEPC bands were
quantiﬁed by phosphor imager (Fujix Bas 1000, Fuji, Tokyo). Data are means ± S.E. of two experiments.
3472 J.A. Monreal et al. / FEBS Letters 581 (2007) 3468–3472hypothesis that this process is slowed down by ABA. Finally,
our data can account for the very large increase in PEPC-k
activity that occurs in sorghum leaves during salt stresses
and illustrates how the ubiquitine-proteasome pathway may
control C4 photosynthesis via changes in C4-PEPC phosphor-
ylation status.
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